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Magnetic and transport properties of epitaxial Fe/M(001) superlattice films
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Single-crystalline F&5 ML)/V (1-12 ML) superlattices, epitaxially grown in ti{601) direction, have been
investigated using magnetization and electrical transport measurements. For all V thicknesses the system
exhibits ferromagnetic properties. Results from magnetization and hysteresis measurements with the field
applied in different directions confirm that the superlattice is well defined, the interface roughness is small, and
the crystallinity of the samples is good. A clear influence of the V thickness, due to strain effects, on the
in-plane magnetic anisotropy is found. Resistivity measurements show that the samples exhibit anisotropic
magnetoresistiveAMR) properties with a strong dependence of the V thickness on the magnitude of the AMR.
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I. INTRODUCTION in the middle of the V layer so that an antiparallel alignment
between the Fe and the nearest V atomic layers is obtained.
The magnetic and transport properties of thin magnetidhe difference in energy between the ferromagnetic and an-
films and multilayers have attracted considerable attentiotiferromagnetic configurations of the Fe layers determines
during the past years. The discoveries of the oscillating magthe sign of the coupling energy, which oscillates with an
netic coupling and giant magnetoresistadde multilayers  increased number of atomic layers of V.
have led to intense research on multilayered systems consist- TO our knowledge, no clear experimental evidence has
ing of 3d transition magnetic elements and spacer layers oPeen reported confirming the existence of oscillatory mag-
5d, 4d, or 3d nonmagnetic elementslt has become clear Netic coupling in Fe/V multilayers. Results fro(@10) tex-
that the materiatombination(not the individual materiajs tured bcc Fe/V multilayefshave indicated a very weak cou-
of the ferromagnetic and the nonmagnetic layers is of fundaP!ing, whereas another experimental sttfdjid not find any
mental importance for the observed properties. Large magscillatory coupling, but only magnetoresistive properties,
netoresistance amplitudes have been found for many materiginich were assigned to hysteresis effects. In a study using
combinations such as Fe/Cr, Co/Cu, Fe/Cu, and NiF&/Ag. heutron-scattering experiments on epitaxial k804) mul-
Inspired by the high magnetoresistance values and thidlayers, no ant.n‘erromagneuc exchange coupling was found
pronounced oscillating magnetic coupling in Fef€theo-  for a spacer thickness of 9 %3 _ _ _
retical and experimental investigations on the rather similar N the present study we investigate smgle-crystalllne Su-
Fe/V system have been perfornfed.Vanadium, which is  Perlattices of Fe/¥001) with the nominal structure
nonmagnetic in bulk form, apparently obtains an inducedgO(00D/[F&(15 ML)V(Ny ML)]5/Pd30 A), where 1
magnetic moment when forming a multilayered structure of<Ny<12 ML. Superconducting quantum interference de-
Fe/V or when it is grown as an ultrathin film on single- vice (SQUID) magnetometery shows that the system exhibits
crystalline Fe substrates. A study using spin-polarized€rromagnetic properties for aMy ; i.e., no sign of antifer-
electron-energy-loss spectroscéhowed that 1 ML of V  fomagnetic coupling was observed. Magnetoresistance mea-
on F&001) orders magnetically in an antiparallel configura- surements indicate that all samples exhibit anisotropic mag-
tion with respect to Fe, while the surface layer in a 2-ML hetoresistancAMR). The magnitude of the AMR decreases
system couples ferromagnetically to the Fe substrate. Thigionotonically with increasing number of atomic V layers.
observation is in agreement with a self-consistent tight-
bind_ing calculatiof and calc_:ulations performed by means of Il EXPERIMENT
the interface Green'’s function techniduen V overlayers on
bcc F€001). The theoretical work in Ref. 8 also covers cal- The Fe/V superlattices were produced in a three-source
culations on a Fe/{001) superlattice, where it was found ultrahigh vacuum(UHV) based sputtering system with an
that V orders antiferromagnetically within each layer. An situ reflection high-energy electron diffraction and residual
extensive calculation, using a first-principle Green’s-functiongas analyzer. The substrates, polished single-crystalline
technique on a bcc Fe/V/F@01) trilayer® confirms that V' MgO(001) wafers (10X5x0.5 mnr), were all from the
obtains a magnetic moment, but a different configuration obame batch. The substrates were ultrasonically precleaned
the V moments was inferred. In the case where the Fe layenssing isopropanol and ethanol, before loading into the depo-
couple ferromagnetically all V moments are aligned antiparsition system and outgassing in UHV at 700 °C for 10 min.
allel with respect to the Fe layer. When the Fe layers possesghe base pressure of the system was®1Torr during an-
antiferromagnetic coupling, the V moments change directiomealing. During sputtering, the A9.9999% pressure was
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kept at 5< 102 Torr, giving a typical deposition rate of Fe 12 | |

and V of 0.5 A/s. The deposition rate was monitored by (a) [100]

quartz crystal microbalancé@CM’s) placed in front of each 1.0 [ epoeecesesnsascscce o o o & o ¢ 8

magnetron. During deposition, the substrate was rotated Lo

(=100 rpm and kept at 330 °C, which is the optimal growth 08 |- OOO°[11o] 7

temperature for this systefiTo avoid mixing of Fe and Pd, ki °

the Fe/V superlattice was always finished twi V layer s06 1 |

before deposition of the Pd capping layer. = 04 L |
The structural quality of the samples, the individual layer '

thicknesses of Fe and V, the average out-of-plane lattice pa- 02 | i

rameter(c), and the modulation, wavelength were deter-

mined using conventional-26 x-ray diffraction(XRD) (Cu 0.0 : ' : ‘ ' :

K« radiation. The measurements were carried out in a low- 0 20 40 60 8 100 120 140

! o i X . H (kA/m)

angle region1-12° in 20) as well as in a high-angle region

(50°-80° in ¥) around the Fe/\002 Bragg peak. A 1.0 ‘

Siemens powder diffractometer equipped with a Eulerian (b)

cradle and a secondary monochromator was used for the

XRD measurements. The angular resolution for the low- and 05 - :

high-angle scans was 0.005° and 0.01°, respectively. From

the QCM measurements and simulations of the low-angle 5

reflectivity data the individual Fe and V thicknesses could be 00 - }

determined. In a previous extensive investigation concerning

the growth of Fe/\001) superlatticed® a Frank—van de o5 L )

Merwe growth of Fe/V superlattices with good crystal qual- '

ity and an average interfacial roughness of typicatly A

was obtained in the temperature region 310 °C—330 °C. -1.0 ' ' ‘ ' '
For the magnetization and the resistivity measurements -4 -2 H k%/

the samples were cleaved into square pieces, approximate (kA/m)

size 3x3 mm?, with the [100] and[010] directions of the FIG. 1. (a) Reduced magnetizatidd/M g, vs applied magnetic

MgO substrate parallel to the edges. According to the difield in the[100] and[110] directions andb) a full magnetization
fraction study'® the epitaxial relationships between the de-loop in the[110] direction for a single-crystalline K& ML)/\V/(7
posited film and the substrate are F@Y1)||MgO(001) and ML) superlattice. The field is applied in ti@01) plane of the film
Fe/M110]|MgO[100]; the [110] directions of the Fe/V su- atT=10 K. The shift of the magnetization loop along the magnetic
perlattice is therefore parallel to the edges of the substratdield axis in(b) is due to a remnant magnetic field in the supercon-
Magnetization measurements were performed in a Quantucting solenoid.

Design 5.5-T SQUID magnetometer. In these measurements

the magnetic field was applied in the film plane to avoidzation reversal occurs in a very narrow field range, implying
dem_agnetiza;ion effects. The resistivity measurements Wefgeak domain wall pinning effects. The typical ferromagnetic
carried out in a LakeShore 7225 series Susceptometefoperties presented in Fig. 1 are representative for all
Magnetometer system. The resistivity probe is configured isamples with V thicknesses in the range i, <12 ML. No

a four lead geometry. The measurements were performed iRfluence of the V thickness on the magnetic properties,
the dc mode at=1 mA, giving a current density 0£10"  \yhich may indicate an antiferromagnetic coupling between
A/m? in the samples. To avoid influences of thermal electricihe Fe layers, has been observed. The resemblance to single-
power, the resistivity was determined as the average value @fystalline bulk iron, regarding the orientation dependence of
the recorded data in the forward and reverse current direghe magnetizatiolf and the absence of hysteresis effects,

tions. confirm the epitaxial structure and the small interfacial
roughness found from the structural characterization
Ill. RESULTS experiments?

The saturation magnetization value was obtained using
the volume of Fe and the measured magnetic moment in the

Typical results from the magnetization measurements aréiim plane at 10 K. The total thickness of Fe in a sample was
shown in Fig. 1, where the reduced magnetization is plottedietermined from the diffraction data. In Fig. 2 the saturated
vs applied field at 10 K for the Fe/\7-ML) sample. The magnetization values are plotted for different vanadium
different curves in Fig. (&) corresponds to fields applied in thicknesses. The calculated values are close to the saturation
the[100] and[110] directions. In Fig. ) the low-field part magnetization of bulk F€.2 T). The scatter in the data may
of a full magnetization loop in thEL10] direction is plotted. be largely attributed to the uncertainty in the determination
In the easy[100] direction the magnetization immediately of the volume of Fe in the films. To estimate the contribution
saturates at very low fields, whereas in the Hart] direc-  from a possible magnetic moment on vanadium to the total
tion the magnetization reaches the valueJ@)M 4, at low  moment of a film, results from theoretical calculations have
fields and saturates at an applied field of approximately 5®een used. According to these calculatihenly the vana-
kA/m. The full magnetization loop shows that the magneti-dium atomic layer at the Fe/V interface has a significant

A. Magnetic properties
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Ny (monolayers) FIG. 4. Reduced electrical resistanB¢H)/R(0) vs applied
magnetic fieldH for the F¢15 ML)/V(3 ML) superlattice. The
FIG. 2. Saturation magnetizatidgircles and anisotropy field magnetic field is applied in the film plane in the parall§) and
(squares in the [110] direction as a function of the number of perpendicular () directions with respect to the current. The cur-
vanadium layer$\, . The data are extracted at 10 K. The horizontal rent is fed in thg 110] direction.
line indicates the bulk magnetic moment for Fe; the sloping line is
a guide to the eye. eter, extracted from the location of tH802 Fe/V Bragg
peak, is defined as the weighted average value of the out-of-

moment(0.37uz). Using this value, the contribution from Plane lattice parametelasfe anda) for Fe and V, respec-
the V layers to the total magnetic moment of the films is attively, according to
most 1-2 % and within the experimental error. In measure- Fe v
ments performed in the direction perpendicular to the film _ Nea " +Nyaj
plane, the magnetization increases linearly with applied field (c)= Neet+ Ny
and saturates at a field of approximateth,~1750+80 ) ) ) o )
kA/m. Due to the demagnetization effects the magnetizatiofr"om the diffraction experiments it is found that for a given
follows M =(1/N)H, whereN is the demagnetization factor. Ny, the out-of-plane lattice parameters for F€q and V
UsingN=1 in the perpendicular direction, a saturation mag-(a/) are compressed and expanded relative to respective
netization of M =uoH,~2.2-0.1 T is obtained. The bulk values® Due to the Poisson response, opposite changes
agreement with the directly measured magnetic moment imof the in-plane lattice parameters occur: the in-plane lattice
plies that any imposed dipolar perpendicular anisotropy iarameter for Feafe, is expanded, Whereaele is com-
the films due to interface roughness is negligitile. pressed. When the V thickness is increased the diffraction
The higher anisotropy fielflas seen in Fig. @] for the  data show that thaverageout-of-plane lattice parameter in-
Fe/V system, compared to the value for bulk iron, is due tacreasegdue to the influence dfly, on{c) according to Eq.
internal strains in the superlattice produced by differences ifil)] and that the out-of-plane lattice parameters for both Fe
lattice parameters between Fe=2.87 A), V (a=3.03 A), and V, afe andaY, successivelylecreaseThis implies that
and the substratea(2=2.97 A). To illustrate the impact of a successive expansion of the in-plane lattice parameters oc-
the strain, the anisotropy fiel@Fig. 2) and the average out of curs. Due to magnetoelastic effects, the expansion of the
plane lattice parametéc) (Fig. 3) are plotted as a function a|Fe influences the in-plane magnetic anisotropy of iron. This
of the number of V atomic layers. The average lattice parameffect is reflected as a dependence of the anisotropy field on
the number of V atomic layers, as seen in Fig. 2.

@

2.93 B. Transport properties
2.92 1 7 In Fig. 4 the magnetoresistan&H)/R(0) for the Fe/V
2091 I i (3-ML) sample is plotted vs applied field in th&10] direc-
_ tion. The different curves correspond to feeding the current
< 290 - = a in the parallel {H||I) and in the perpendiculaiH(L1) orien-
§ 289 L 0 _ tation with respect to the magnetic field. As can be seen in
the figure, the behavior of the magnetoresistance is strongly
2.88 - c B dependent on the orientation of the magnetization with re-
087 I | spect to the electric current. The same general behavior, as
o exemplified in Fig. 4, was found for all the samples indepen-
2.86 ' ' ' ' : : dent of the number of atomic V layers. This is characteristic
0 2 4 6 8 10 12 for the AMR, which yields different behavior of the resis-

Nv {monolayers) tance vs applied field depending on whether the current and

the magnetization directions are parallel or perpendicular to
FIG. 3. Average out-of-plane lattice parametey as a function ~ each other. The AMR, which originates from the spin-orbit
of the number of vanadium layehs, . coupling, is a well-known effect in bulk ferromagnetic tran-
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FIG. 5. Anisotropic magnetoresistana@/p, defined according FIG. 6. Residual resistivity ratipo(300 K)/py(10 K) (circles

to Eq. (4), vs the number of vanadium layeis,. T=10 K. and the resistivity at 10 Kpy(10 K) (squares vs the number of
vanadium layers.

sition metals and is a phenomenon fundamentally different
from the giant magnetoresistance effect found in many muly (10 K) is plotted as a function of the number of atomic V
tilayered systems. Since no giant magnetoresistance effect igyers. With increasing V thickness thg and py(10 K)
observed in the present Fe/V multilayer system, it can b&alues rapidly decrease and increase respectively for small
concluded that the magnetoresistance efféd¥IR) arises  thicknesses (& x<3-4 ML) and both saturate to constant

from the magnetic properties of the individual Fe layers.  yalues for V thicknesses 3—<aN, <12 ML.
The spontaneous anisotropic magnetoresistance is defined

as®
IV. DISCUSSION

Aplp=(py=p1) payv: 2) In a multilayered system the resistivity is, in general,
wherep; andp, are the resistivities in the parallel and per- larger than the expected resistivity, assuming the system as
pendicular orientations, respectively, obtained by extrapolatconsisting of independent parallel bulk resistors. According
ing the high-field resistances to zero magnetic inductiorfo Gurvitch!® the modulation lengttx =d; +d, (whered,
B=0. For a three-dimensional system the average resistivitgnd d, are the thicknesses of the different materials and
is defined ag,,=3p;+ %p. . However, for a system where di~d) plays an important role and, in some range\othe
the majority of the magnetic domains have their moments irfesistivity frequently follows a power lawec\ =1, This oc-
the film plane, which is assumed to be the case in the Fe/\¢urs in a regime where the thicknesses of the layers limit the

systems, the average resistivity can be defined as mean free path of the conduction electrons, due to scattering
effects at the interfaces. A further decreasa @nforces the
pav=73( pitpeL)- 3 resistivity to saturate at a constant value. It appears reason-

. - : able that for a superlattice witth;>d,~1-3 ML, the sys-
Since the Fe/V samples exhibit very small hysteresis effectstEm can. from a cgnductivity poilnt 01‘2view be conside?led as

the measured zero field resistivipy represents the resistiv- an alloy, if the mean free path of the conduction electiciss

ity of a randomly demagnetized system and is therefore ap: :
proximately equal tg,,.1’ According to Eq(3), the perpen- Harger than the modulation lengtk»\. In the Fe/V system,

dicular resistivity then equalp, =2po—p;. Inserting this po(10 K) increases andg decreases with increasing number

expression in Eq(2), the following equation for the aniso- of vanadium layers foNy=3-4 ML. In this range it is
pr qte), g equa : .77 assumed thdt>\ and that the system can be regarded as an
tropic magnetoresistance for the Fe/V films is obtained:

iron-rich alloy with the approximate V concentration
_ _ cy=Ny/(Ny+Ngo, whereN,, and Ng, are the number of
Aplp=2(p|=po)lpo- @ atomic layers of the respective element. In Fig. 7 the aniso-
In Fig. 5 the anisotropic magnetoresistarce/p (at 10 K),  tropic magnetoresistance is plotted &g. Also included in
defined according to E@4), is plotted vs the thickness of the the figure is anisotropic magnetoresistive data from a poly-
V interlayers. The magnetic field was applied in the magneticrystalline iron-vanadium alloy measured at 4.2 K by Sueda
cally hard[110] direction. As can be seen, the magnitude ofand Fujiwara® With increasing V concentrationsp/p for
Aplp decreases monotonically with increasing thickness othe alloy increases for smatl,, reaches a maximum at a
the V interlayers. A remarkable feature is the difference inconcentration=7%, and decreases at larggr. An interest-
sign in the anisotropic magnetoresistance between the puirg fact is that for V concentrations larger than 7% the mag-
Fe 500-A film, which has a negative magnetoresistancaitude of Ap/p and the variation ofAp/p with respect to
Aplp~—1.5%, and the Fe/\(1 ML) with a positive value cy is similar for the alloy and the superlattice. This result
Aplp~T7%. A negative magnetoresistance in the parallel disupports the assumption of an apparent alloying effect be-
rection at low temperatures has also been found in ironween Fe and V in the superlattice.
single crystalg® In Fig. 6 the zero-field resistivity at 10 K, The anisotropic magnetoresistance originates, according
po(10 K), and the residual resistivity ratiog=po(300 K)/  to Smit?* from the spin-orbit coupling that imposes a mixing
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0.10 scattering resonance located in the spin-upeBctron sub-
band for Fe near the boundary between the Fe and V sub-
0.08 |- ~ bands. This yields a large value ef=p;/p, and hence a
large Ap/p according to Eq(5). The results obtained using
0.06 - 7 this model and the present experimental results support the
o assumption that the Fe/V film$\N(,<3-4 ML) from a con-
&0.04 - — L . . . .
< ductivity point of view behave as a solid solution of Fe and
0.02 - N V; i.e., in the thin-film limit, the vanadium acts as impurity
atoms imposing strong-scattering potentials in the iron lat-
0.00 - 5 . tice.
The predominance of the anisotropic magnetoresistance
-0.02 0’0 0'1 0‘2 0‘3 0'4 05 over a possible giant magnetoresistance effect in the single-
' .°v (atomic ratio) ' ' crystalline Fe/V (kNy<12 ML) multilayer system may be

an effect of the absence of an antiferromagnetic coupling.
The reported experimental results of an oscillating magnetic
FIG. 7. Anisotropic magnetoresistandg/p for an Fe/V alloy  coupling and a spin valve related magnetoresistahde
at 4.2 K(squarep according to Sueda and FujiwafRef. 20 and  Fe/V multilayers have been obtained using polycrystalline
Aplp at 10 K for the Fe/V superlatticicircles plotted vs the V. samples with an out-of-plane texture different from [e1]
concentratiorcy . The V concentration for the superlattice is de- growth direction. According to calculations using a first-
fined ascy=Ny/(Ny+Ngg) . principle Green’s-function technique, an oscillating magnetic
] ) ] coupling does exist in a bcc Fef®01) trilayer system with
of spin-up and spin-down electron states in thelectron  idea interfaced® This result is consistent with a possible
bands. This results in a scattering mechanisoattering of  nestingk vector extracted from the Fermi surface of vana-
s electrons into emptyl states at the Fermi levethat is  gjum in the[001] direction® To account for a real system

strongly dependent on the relative orientation of the conducyjith roughness at the interfaces an average coupling strength
tion electronk vector and the magnetization direction. In an a5 modeled as

extended theory, based on the model by Smit, Campbell
et al. 122 proposed the following expression for the aniso- Ja(Ny)=2[I(Ny—1)+2I(Ny)+I(Ny +1)].  (6)

tropic magnetoresistance in Ni-based alloys: . . . L . .
P 9 y This effective magnetic coupling is positive and rapidly de-

Aplp=(a—1)y. (5)  cays with increasing thickness of V and becomes insignifi-
. . o . cant forNy>6-7 ML. The absence of an oscillating mag-
Herea=p,/p; is the ratio between the resistivities for spin- netic coupling in the present measurements might be
down and spin-up electrons andis the spin-orbit coupling  4tiriputed to a finite but small roughness at the interface,
parameter. In Fe-based alloys, whegre>p, Eq. (5) still  \hich obscures the oscillatory behavior. To obtain a better
.holdsllf the ratio between the respectwe reS|st|V|ty. Cha”nelﬁnderstanding of the magnetic properties of this system care-
is defined asy=p,/p, . In alloys with weak-scattering po- fy| investigations on Fe/V superlattices grown in different
tentials, the amplitude of thed3electron wave functions is jrections are necessary. Investigations on Fel¥) are in

only weakly affected by the impurity and hence the matrixprogress and results are planned to be presented in a forth-
element describing the scattering mechanism is assumed ming paper.

be independent of the alloy compositithThis implies that
p,/py in Eq. (5 can be replaced by (eg)/Dy;i(er),
whereDy is the density of states of theband. In the pres-
ence of a strong-scattering potential, as is the case for FeV Peter Svedlindh is gratefully acknowledged for helpful
alloys, the weak-scattering potential approximationdiscussions and a critical reading of the manuscript. Finan-
Aplp~Dy (gg)/Dg;(gg) is not valid. In this case the aniso- cial support from the Swedish National Board for Industrial
tropic magnetoresistance can be calculated using the “splitand Technical DevelopmentNUTEK) and the Swedish
band” model?® In this picture, a maximum im; vs V con-  Natural Science Research Coun@FR) is gratefully ac-
centration for the FeV alloy is found, which is attributed to a knowledged.
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